Introduction {#s0005}
============

Multifocal intraocular lenses (IOLs) were introduced to free patients from spectacles after cataract surgery,[@b0005], [@b0010] Despite lower levels of satisfaction with the earlier models,[@b0015] recent multifocal IOLs are reported to have satisfactory outcomes.[@b0010] Yet, the development of the multifocal IOLs still continues and different technologies for IOL design are being introduced to address issues related to contrast sensitivity, night vision, unwanted visual phenomena, astigmatism correction, and good vision at different distances such as intermediate vision.[@b0005], [@b0010] Therefore, the evaluation of such parameters and quality of vision are important to better inform the surgery candidate and to select the most suitable IOL.[@b0020]

Previous studies reported that multifocal IOLs with diffractive technology may provide better visual acuity with less unwanted visual phenomena.[@b0025], [@b0030], [@b0035], [@b0040] Also, there are multifocal IOLs with different addition power with a claim of better near or intermediate vision, and with less visual phenomena.[@b0045], [@b0050] Around 5 years ago a multifocal IOL was introduced with a decrease of the addition power from +3.0 D to +2.5 D moving to provide a better intermediate vision.

The aim of the current study was to evaluate and compare the visual acuity at different distances and spherical and astigmatic defocus curves, the quality of vision, and the clinical outcomes of 3 multifocal IOLs with an hybrid diffractive-refractive design, with different addition powers.

Methods {#s0010}
=======

This non-randomised comparative prospective study comprised patients having bilateral cataract extraction with implantation of 3 different hybrid diffractive-refractive aspheric acrylic multifocal IOLs. Institutional review board approval was obtained and this study was approved by the university ethics committee. The study was performed in compliance with good clinical practice guidelines and the ethical principles of the Declaration of Helsinki. All patients provided informed consent before study participation and surgery.

Eligible patients were at least 21 years of age and had a preoperative corrected distance visual acuity (CDVA) worse than 0.2 logMAR (Snellen equivalent 20/32); preoperative corneal astigmatism of 1.0 D or less; clear intraocular media other than cataract; and a need for correction with an IOL with a power from 15.0 to 26.0 D.

Preoperative exclusion criteria included any previous eye surgery, significant corneal or ocular surface disorders and significant intraoperative complication during cataract surgery.

Intraocular lenses {#s0015}
------------------

The multifocal acrylic IOLs, AcrySof IQ ReSTOR SV25T0 with +2.50 D addition power at the IOL plane (+2.50 D group), AcrySof IQ ReSTOR SN6AD1 with +3.0 D addition power at the IOL plane (+3.0 D group), and Reviol MF613 with +3.75 D addition power at the IOL plane (+3.75 D group) were used in this study. The characteristics of the each multifocal IOL is given in [Table 1](#t0005){ref-type="table"}.Table 1Characteristics of intraocular lenses (IOLs) implanted in the study.**Restor** +**2.5Restor** +**3.0Reviol** +**3.75**MaterialHydrophobic acrylicHydrophobic acrylicHydrophilic Acrylic with hydrophic surfaceOptic designAspheric multifocalAspheric multifocalAspheric multifocalDiameter (Optic/Total)6.0/13.0 mm6.0/13.0 mm6.0/13.0 mmLens designSingle-piece bifocal hybrid diffractive/refractiveSingle-piece bifocal hybrid diffractive/refractiveSingle-piece bifocal diffractiveDiffractive rings7929Addition at the IOL plane+2.50+3.00+3.75MultifocalityCentral 3.6 mm Apodized DiffractiveCentral 3.6 mm Apodized DiffractiveFull diffractive, not apodizedSA for a 6 mm pupil diameter (mm)−0.200−0.200−0.165Light distribution%far/%near50/5050/5060/40Blue light filterYesYesNo[^1]

Surgical technique {#s0020}
------------------

The same surgeon (O.M.) performed all procedures using the 2 different phaco machines (Infiniti Vision Systems, Alcon Laboratories, Inc, or Pentasys, Fritz Ruck Ophthalmologische Systeme Gmbh), with the modified crater and split technique.[@b0055], [@b0060], [@b0065] The eye with the more advanced cataract had IOL implantation first; the second eye had implantation of the same IOL model 7 to 30 days after the first surgery.

Examinations {#s0025}
------------

All evaluations in this study were performed at least 1-year after second IOL implantation. Manifest refraction, binocular uncorrected distance visual acuity (UDVA), and binocular corrected distance visual acuity (CDVA) -- using the Early Treatment Diabetic Retinopathy Study (ETDRS) charts and transformed into logMAR -- were measured.

Distance corrected near (DCNVA) and intermediate visual acuities (DCIVA) were tested under photopic conditions using a handheld 100% contrast Snellen chart set at 32 cm (near visual acuity, NVA), 40 cm, 45 cm, 50 cm, 55 cm, and 60 cm (intermediate visual acuity, IVA) on the near-point rod.

Defocus was tested using a phoropter and a 100% contrast Snellen chart under photopic conditions with manifest refraction designated to the zero baseline. A defocus of −4.00 D spherical correction from the CDVA (manifest refraction) was set. Negative spherical power was decreased in 0.50 D increments, with logMAR acuity recorded at each change in correction until only manifest refraction remained. Then, a defocus of +1.00 D spherical correction from the manifest refraction was set and the logMAR acuity recorded. Positive spherical power was decreased in 0.50 D increments, with logMAR acuity recorded at each change in correction until only manifest refraction remained.

Astigmatic defocus was simulated by adding 0.50 D, 1.00 D, 1.50 D, and 2.00 D cylindrical lenses at the 180-degree meridian at the spectacle plane with keeping the spherical equivalent less than ±0.50 D, after full correction of the manifest refraction. Only against-the-rule (ATR) astimatism was induced, because most eyes with senile cataract have this type of astigmatism.

Contrast sensitivity was measured using CSV 1000E (Vector Vision) with and without glare at photopic and mesopic levels.

The adverse events, clinical and IOL observations, intraocular pressure (IOP), surgical complications, and presence or absence of posterior capsule opacification (PCO) were recorded.

Patient reported outcomes {#s0030}
-------------------------

Patients were asked to grade the satisfaction of distant, intermediate, near vision (uncorrected) at home, under daylight/streetlight, and at night/at twilight on a scale of 1 to 4 based on the following subcategories: 1: fair; 2: mediocre; 3: good, 4: very good. Also, patients were asked to grade the frequency of spectacle wear based on the following subcategories: 0% (never), between 1% and 25% of time, between 26% and 50% of time, between 51% and 75% of time, and between 76% and 100% of time. The following visual disturbances were assessed by a patient questionnaire: ghost image, double vision, halos, glare, discoloration, distorted near or far vision, blurred near or far vision. Patients were asked to rate the effect of each phenomenon on a scale of 0 to 4 based on the following subcategories: 0: none; 1: mild; 2: moderate; 3: severe, 4: incapacitating. All patient-reported outcomes were based on patients' uncorrected vision except the frequency of spectacle wear.

Statistical analysis {#s0035}
--------------------

The normality was checked using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Within-group categorical scale results were analyzed using the Wilcoxon signed-rank test and are reported as the point percentage change within the respective categories. All analyses included all patients except the defocus curve evaluation, which was based on a best-case cohort. Kruskall-Wallis test was used to test the differences between groups and Mann-Whitney test was used for between-groups comparions with Bonferroni correction for multiple comparisons.

Results {#s0040}
=======

Patient demographics {#s0045}
--------------------

The study included 122 eyes of 61 patients (33 female, 28 male) who underwent bilateral implantation of diffractive multifocal IOL. The demographic data of the patients is given in [Table 2](#t0010){ref-type="table"}. The mean age of the patients at the time of surgery was 60.3 ± 8.4 (44 to 85) years. No patient was lost to follow-up or excluded.Table 2Demographics, follow-up, and pre- and postoperative refractive data.+2.5 D IOL+3.0 D IOL+3.75 D IOLPPatients/eyes20/4020/4021/42--Mean age (years)58.1 ± 9.1 (42--72)59.7 ± 8.7 (44--77)63.8 ± 7.6 (53--81)0.112Sex9F, 11 M11F, 9 M13F, 8 MPre-op K (D)42.9 ± 1.243.12 ± 1.3243.06 ± 1.240.854Post-op SE (D)0.22 ± 0.390.18 ± 0.410.008 ± 0.440.892Post-op C (D)0.37 ± 0.330.38 ± 0.380.38 ± 0.290.911[^2][^3]

Visual acuity {#s0050}
-------------

The mean UDVA, and CDVA are given in [Table 3](#t0015){ref-type="table"}. There was no statistically significant difference in UDVA and CDVA between three groups (p \> 0.05). The mean distance corrected near-intermediate visual acuities at different distances are given in [Fig. 1](#f0005){ref-type="fig"}. The +2.50 group had better IVA than both +3.0 group (at 50 cm, and 55 cm), and +3.75 group (at 45 cm, 50 cm, 55 cm, and 60 cm). The +3.0 group had better NVA than +2.50 group at 32 cm, and had better IVA than +3.75 group (at 50 cm, and 55 cm). The +3.75 D group had better NVA than both +2.50 group (at 32 cm, and at 40 cm) and +3.0 group at 32 cm (p \< 0.05).Table 3Comparison of visual acuity among 3 different multifocal IOL groups.+2.5 D IOL+3.0 D IOL+3.75 D IOLPP~2.5-3.0~P~2.5-3.75~P~3.0-3.75~UDVA0.01 ± 0.04\
(−0.08 to 0.10)0.04 ± 0.07\
(0.0 to 0.18)0.03 ± 0.04\
(−0.08 to 0.10)0.4340.2140.1560.176CDVA0.01 ± 0.01\
(−0.08 to 0.10)0.01 ± 0.02\
(−0.08 to 0.10)0.02 ± 0.02\
(−0.08 to 0.10)0.7860.4140.4560.463[^4][^5][^6]Fig. 1The mean distance corrected near-intermediate visual acuities at different distances.

Defocus curves {#s0055}
--------------

The spherical defocus curves of the three different IOLs are given in [Fig. 2](#f0010){ref-type="fig"}. The mean binocular defocus curves showed that all three IOLs produced the full range of vision from near to far. However, the +2.50 group curve showed a mean binocular intermediate visual acuity of better than both +3.00 group (from −1.00 D to −1.50 D) and +3.75 group (from −1.00 D to −2.00 D), and the +3.0 group curve showed a mean binocular intermediate visual acuity better than +3.75 group (from −1.50 D to −2.0 D). The +3.75 group showed a better near visual acuity than +2.50 group (from-2.50 to −4.00 D), and +3.00 group (from-3.00 to −4.00 D) (p \< 0.05).Fig. 2The spherical defocus curves of the three different IOLs.

The ATR astigmatic defocus results of three different IOLs are given in [Fig. 3](#f0015){ref-type="fig"}. The +2.50 D group showed better ATR astigmatic tolerability than +3.00 group (at 2.00 D) and +3.75 group (at 1.50 D, and at 2.00 D) (p \< 0.05).Fig. 3The astigmatic (against-the-rule) defocus curves of the three different IOLs.

Contrast sensitivity {#s0060}
--------------------

The contrast sensitivity results of three multifocal IOL groups under photopic, mesopic, and mesopic with glare conditions are given in [Fig. 4](#f0020){ref-type="fig"}. There was no significant difference in mean photopic, mesopic, and mesopic with glare logarithmic contrast values at all frequencies (3, 6, 12, and 18 cyles per degree) between three multifocal IOL groups (p \> 0.05).Fig. 4Contrast sentitivty (CS) measurements of three different IOL groups under photopic (upper), mesopic (middle), and mesopic with glare (lower) conditions. Statistical differences (P-values, Kruskall-Wallis test) between three IOL groups for photopic CS were 3 cpd = 0.902, 6 cpd = 0.273, 12 cpd = 0.053, 18 cpd = 0.212; for mesopic CS were 3 cpd = 0.663, 6 cpd = 0.143, 12 cpd = 0.476, 18 cpd = 0.663; and for mesopic with glare CS were 3 cpd = 0.792, 6 cpd = 0.392, 12 cpd = 0.541, 18 cpd = 0.448.

Patient-reported outcomes {#s0065}
-------------------------

The mean distance, intermediate, and near vision satisfaction levels are given in [Fig. 5](#f0025){ref-type="fig"}. The +2.50 group had the best levels for distance vision satisfaction at all situations followed by +3.0 group, and +3.75 group. However, there was no statistically significant difference in satisfaction levels between multifocal IOL groups for the distant vision satisfaction (p \> 0.05). The +2.50 group had the best levels for intermediate vision satisfaction at home and at daylight, followed by +3.00 group; but the +3.75 group had better satisfaction at night/twilight. The +2.50 group had the worst levels for near vision satisfaction at all situations, and the +3.75 IOL had best near vision satisfaction at all situations. The +3.75 group had statistically significantly better near vision satisfaction than those of +2.50 group, and +3.00 group at night/twilight.Fig. 5The distance, intermediate, and near vision satisfaction levels of three different IOLs under three different illumination circumstances (home, daylight/street, night/twilight).

All patients reported spectacle independence for distance vision. The spectacle dependance for near vision levels of three different IOL groups are given in [Fig. 6](#f0030){ref-type="fig"}. Ten (67%) of 15 patients in +2.50 group reported they use spectacles, and 2 patients in +2.50 group reported that they wear spectacles for near %50 to %75 of times. Four (27%) patients in group +3.00 reported spectacle dependance for near 0% to 25% of time. All patients in +3.75 group reported spectacle independence all time. Fourteen of 15 patients in +2.50 group, and 9 of 15 patients in +3.00 group reported that their near vision got worse and their spectacle independence increased by time between 1 to 6 months during the follow-up. All patients in +2.50 group, and +3.00 group reported that they need to adjust light during near vision.Fig. 6Spectacle dependance levels of three different IOLs.

The mean visual disturbance rate reported by patients in three different IOL groups are given in [Fig. 7](#f0035){ref-type="fig"}. There were no statistically significant differences in ghost image, double vision, glare, discoloration, distortion, and blur between groups (p \> 0.05). The +2.50 group reported significantly less halos and glares than those of +3.00 and +3.75 groups. Of the all scores, they were of mild severity.Fig. 7The visual disturbance rate of three different IOLs.

Safety {#s0070}
------

No other complication was reported in any of the groups. All eyes were well centered, and none was tilted. 2 eyes of 2 patient developed grade 1 PCO, and 1 eye of 1 patient developed grade 3 PCO that underwent neodymium: yytrium argon (Nd:YAG Laser) capsulotomy in +3.75 group. 1 eye of 1 patient developed grade 1 PCO in +3.00 D IOL group.

Discussion {#s0075}
==========

The current study showed that eyes with different types of multifocal IOLs have good distance, intermediate, and near vision that these IOLs designed to provide. All 3 IOL groups in this study provided good results for distance vision, whereas +2.50 IOL group provided better intermediate vision between 45 to 55 cm and defocus curve than the +3.00, and +3.75 groups. On the other hand as expected, the +3.75 group provided the best near vision, followed by +3.00 IOL and +2.50 groups.

Previous studies,[@b0050], [@b0070], [@b0075] including a randomized prospective study by Maxwell et al.[@b0070] compared the visual acuity results of multifocal IOLs with +3.00 D add with +4.00 D add and found similar near vision but better intermediate vision with +3.00 D add multifocal IOL compared to those with +4.00 D add. However, the distance of near vision target was different for each of the multifocal IOL in these studies.[@b0050], [@b0070], [@b0075]

In an investigator-initiated study, Gundersen and Potvin[@b0080] compared the visual performance of hybrid multifocal IOLs with +2.50 D add power and +3.00 D add power and found that intermediate vision was not statistically significant between groups. These results are relatively in compliance with our study but different study designs and different near target distances in studies may explain the differences between our study and previous ones.[@b0020], [@b0050], [@b0075], [@b0080], [@b0085]

Although the distance visual acuity results and satisfaction levels were not significantly different between IOL groups in our study, the +2.50 and +3.00 groups provided best distance satisfaction levels particularly under low light conditions. This may be explained by hybrid design of these IOLs that allows them to act more like a monofocal IOL under low light conditions.

The +2.50 group provided best intermediate vision defocus curve, followed by +3.00 and +3.75 groups. However, the satisfaction levels of +3.75 group for intermediate vision was significantly better than the +2.50 and +3.00 groups under low light conditions which can be explained by full diffractive design of this IOL that still provides some intermediate vision under low light conditions. Conversely, the hybrid IOL design allows more light energy focused for distance with larger pupils and may not provide enough intermediate vision under low light.[@b0025], [@b0090]

The satisfaction of multifocal IOL significantly depends on spectacle independence and the average adult reading distance is 33 to 40 cm.[@b0005], [@b0010] The +3.75 group and +3.00 group had significantly better near vision and better near vision satisfaction than +2.50 group. Ten (66%) of 15 patients with 2.50 group, and 3 (8%) of 15 patients with +3.00 group had spectacle dependance for near vision at some point, but mostly under 50% of time. This may imply that patients that are planned to be implanted with multifocal IOL with +2.50 D addition should be warned for the possibility of needs for near glasses, or a distance adjustment for a functional near vision. Also, as it is the case with the intermediate vision, the satisfaction levels for near vision with hybrid IOL designs were lower than that of full diffractive IOLs under low light conditions, possibly because of hybrid design that acts like a monofocal IOL under low light conditions.[@b0025], [@b0090] One should always keep in mind that the reading distance preference can affect the results of near vision satisfaction.

Our study showed that +2.50 group had better astigmatism tolerability (higher than 1.0 D of against-the-rule astigmatism) for distance vision than +3.00, and +3.75 groups. Compared to monofocal IOLs, multifocal IOLs inherently split the light and they are more sensitive to the postoperative astigmatism. It was suggested that postoperative astigmatism may significantly affect the visual quality of the eyes with multifocal diffractive IOLs.[@b0005], [@b0010] In a previous study, Hayashi et al.[@b0085] compared the against-the-rule astigmatic tolerability of +3.00 hybrid multifocal IOL with +4.00 hybrid multifocal IOL and monofocal IOL, and found better astigmatism tolerability with the difference increasing with the amount of astigmatism. The differences in the number of the diffractive rings, lens design, and add power may possibly change the effects of postoperative astigmatism on vision in eyes with multifocal IOLs. Our results may imply that lower number of diffractive rings may have better astigmatic tolerability.

In this study, we were not able to find any statistically significant difference in photopic, and mesopic contrast sensitivity with glare and without glare between the 3 IOL groups. Although there is variability among different studies, previous studies also could not find a significant difference in contrast sensitivity between +3.00 and +4.00 addition power.[@b0020], [@b0050], [@b0095] The hybrid multifocal IOL design (the +2.50 D and +3.00 D IOLs) acts more like a monofocal and could be expected to have a better contrast sensitivity under mesopic conditions.[@b0090] On the other hand, according to the manifacturer, the multifocal IOL with +3.75 D add power has smoothened ridges at the diffractive ring transitions that were designed to increase retinal image quality.

The rate of perception of visual disturbances were relatively little but slightly different between the 3 IOL groups in our study. The halo perception was higher in +3.75 group, than +3.00 D group, and +3.00 group more than +2.50 group but was only statistically significant between +3.75 group and +2.50 groups. This may be explained by the halo size that depends on the add power of the near focus.[@b0050], [@b0100] On the other hand, there was no significant difference in glare between the 3 IOL groups. Previous studies reported different incidences and severities of visual disturbances, partly because of different patient groups, different IOLs, and different measurement techniques.

In terms of complications there was no significant differences between 3 IOL groups. There were some weaknesses and limitations of the study. In the measurements of the near and intermediate vision, the same optotypes were used for each distance examined and visual acuities without correction were not shown.

The number of the eyes in each group was limited and higher number of eyes could give better outcomes for subtle differences. Also, subjective tests such as visual acuity and contrast sensitivity measurements that were used in our study, as well as patient reported satisfaction levels and visual disturbances might have been affected by the patient's psychophysical situation, education, occupation, socioeconomic status, and more so expectations.

Conclusions {#s0080}
===========

Our study shows that different multifocal IOLs with different addition power have superiority to each other. Multifocal IOLs with +2.50 D add power tend to have better intermediate vision than multifocal IOLs with +3.00 D and +3.75 D add powers. Patients with +2.50 D add power multifocal IOLs would need spectacles for near vision more than multifocal IOLs with +3.00 D and +3.75 D add powers. Hybrid design multifocal IOLs tend to have worse intermediate and near vision at low light levels. Multifocal IOLs with +2.50 D add power tend to have better astigmatic defocus tolerability than multifocal IOLs with +3.00 D and +3.75 D add powers. Therefore multifocal IOL selection should be based on patients needs and preferences. Preoperative information is important for realistic patient experience and satisfaction. Possibly, furhter studies with higher number of patients that evaluate the differences in objective measurements are needed to better elucidate the differences between multifocal IOLs.
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[^1]: SA = spherical aberration, PCO = posterior capsule opacification.

[^2]: IOL = intraocular lens.

[^3]: P = Wilcoxon signed ranks test.

[^4]: IOL = intraocular lens, UDVA = uncorrected distance visual acuity, CDVA = corrected-distance visual acuity, D = diopters.

[^5]: P = Wilcoxon signed ranks test.

[^6]: P~2.5-3.0~ = statistical significance of difference between +2.5 D IOL and +3.0 D IOL groups, Mann-Whitney U test; P~2.5-3.75~ = statistical significance of difference between +3.0 D IOL and +3.75 D IOL groups, Mann-Whitney U test; P~3.0-3.75~ = statistical significance of difference between +3.0 D IOL and +3.75 D IOL groups, Mann-Whitney U test.
